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A B S T R A C T
Impact operational parameters such as initial dyes concentration, adsorbent mass, pH and sonication time on
the eﬃciency of ultrasound-assisted adsorption of sunset yellow (SY) and azur (II) (AZ) onto MWCNT and
MWCNT-Pd-NPs was studied by central composite design (CCD) and back propagation artiﬁcial neural network
(ANN) models and resulted for tow adsorbent were compared to each other. Optimize conditions from CCD in
presence of MWCNT as adsorbent was found to be 6.01 and 9.98 mg L−1 AZ and SY concentration, 0.02 of
adsorbent mass, pH 7.0 and 3.8 min sonication time, respectively, while in the presence of MWCNT-Pd-NPs
optimize value were obtained at 10.0 and 8.0 mg L−1 AZ and SY concentration, 0.018 of adsorbent mass and pH
5.0 and 3.5 min sonication time, respectively. In these conditions and at desirability value of 0.99, the maximum
adsorption eﬃciency for AZ onto MWCNT and MWCNT-Pd-NPs are 82.97 and 94.95, respectively. Also, the
maximum adsorption eﬃciency for SY onto MWCNT and MWCNT-Pd-NPs are 73.13 and 85.55, respectively.
This values show that MWCNT-Pd-NPs in comparison with MWCNT at the lower contact time and adsorbent
mass was able to remove greater amounts of under study dyes. Based on the ANN model the absolute average
deviations (AADs) of AZ and SY dyes adsorption by MWCNT from experimental data are 0.27% and 0.43%, and
the R2 values are 0.911 and 0.954, respectively. Also, the AADs of AZ and SY dyes adsorption by MWCNTs-Pd-
NPs are 0.44% and 0.65%, and the R2 values are 0.925% and 0.927%, respectively. This values show that ANN
for MWCNT-Pd-NPs in comparison with MWCNT was a more powerful tool for building up to construct an
empirical model to predict under study dyes adsorption behavior. In addition, the obtained results have good
agreement with experimental data for MWCNT-Pd-NPs in comparison with MWCNT. Finally, the study of
equilibrium isotherm and kinetic models of adsorption process are shown that the Langmuir isotherm model
and pseudo second order kinetic model were the best models for both adsorbent.
1. Introduction
Water pollutions consist of highly toxic organic dyes is an important
environmental issue, and receives major worldwide concerns [1,2].
Simultaneous dyes discharged with industrial wastewaters even at low
concentrations are highly visible, infrangible, non-biodegradable and
undesirable [3]. Toxic organic dyes due to considering the have
disadvantages such as carcinogenic and mutagenic create the serious
threats to human health and organisms [4,5]. Therefore, the dyes must
be removed from the wastewaters before entered to the human health
and other organisms body to solve the environmental issues. The
removal approach generally includes the chemical, physical, and
biological methods, which amongst the adsorption as physicochemical
method is widely used because of its environmentally friendly, high
removal capacity, low cost and simplicity of operation [6–8]. In this
method ﬁned and design of novel adsorbent with high capacity and
high rate is cases, which in previous report various highly eﬃcient
adsorbents, such as carbon based material, metallic and oxo-metallic
nanoparticles, organic and inorganic polymers have been extensively
applied for removal of dyes from aquaes media [6,9–12]. Among the
carbon based material, multiwalled carbon nanotubes (MWCNTs) is a
commercial support with medium surface area and pore size for
removal of dyes from aquaes media. Hence, the improved of this
disadvantage can be performed with deposited of other materials such
as nonmetallic and oxo-metallic materials on its surface [13,14]. Thus,
the immobilized of cheap, eco-friendly and eﬃcient nanomaterial is a
subject of intensive research. Therefore, we decide to deposited of Pd
nanoparticles (Pd-NPs) onto MWCNT due to the stability of its
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chemical structure, biocompatibility, strong oxidizing power and non-
toxicity of this material [15–17]. This new material as MWCNT-Pd-
NPs was characterized with SEM and XRD and subsequently was
applied for removal of sunset yellow and azur II dyes under ultrasonic
irradiation.
Performing the adsorption process at non-optimized conditions can
be lead to use of more reagent and spend much time with the lowest
earnings [18]. Therefore, modeling and optimization of operational
parameter on process is very important. The optimization and model-
ing approach generally includes the one at a time, response surface
methodology (RSM) and the artiﬁcial neural network (ANN) methods
[19,20]. One at a time method due to having a number of disadvantage
such as not consider the interaction eﬀects between operational
parameters and not valid optimum condition, recently less used, while,
RSM and ANN models were improved these problem due to their
prediction accuracy on complex nonlinear systems [21,22]. Central
composite design (CCD) under response surface methodology is a
combined of mathematical and statistical techniques for empirical
modeling of many process [23,24]. In CCD method, the aim is to
optimize a dependent variables or responses (in this work removal
percentage (R%)) that veriﬁed by independent parameters (operational
parameters), as well as, comfortable conditions with minimum process
knowledge, thereby saving time and experimental cost and materials
[19,25,26]. Also, the ANN based on the common multi-layered
perceptron (MLP) consist of input, output and hidden layers of neurons
is a powerful tool for modeling of data obtained from CCD by having
more advantages such as no assumptions concerning the nature of the
phenomenological mechanisms, understanding the mathematical back-
ground of problem underlying the process. Besides, it has the ability to
learn linear and nonlinear relationships between variables directly
from a set of examples than to conventional modeling techniques
[27,28]. In other word, the ANN is a data driven technique and
computes the relationship between input and output variables in an
eﬀort to understand [19]. Therefore, in this work we focused on
modeling and optimization of adsorption of SY and AZ dyes onto
MWCNT and MWCNT-Pd-NPs with CCD and ANN method. Finally,
the kinetic an isotherm of the process was studied and ﬁtted with
conventional method.
2. Experimental
2.1. Materials and apparatus
Chemical reagents including MWCNT, sodium
tetrachloropalladate(II) (Na2PdCl4), ethanol, stretch, ascorbic acid,
HCl and sodium hydroxide (NaOH) without further puriﬁcation were
purchased from (Merck company, Dermasdat, Germany). The pH was
adjusted and measured using pH/Ion meter model 686 (Metrohm,
Switzerland, Swiss). SY and AZ concentration was determined using
Jasco UV–vis spectrophotometer model V-530 (Jasco, Japan). The
prepared samples were characterized by SEM (KYKY-EM3200, China)
and XRD (PW 1800, Philips, Germany). An ultrasonic bath with
heating system (Tecno-GAZ SPA Ultra Sonic System, Parma, Italy) at
40 kHz of frequency and 130 W of power was used for the ultrasound-
assisted adsorption procedure.
2.2. Synthesis of MWCNT-Pd-NPs
The Pd nanoparticles deposited on MWCNT based on a one-step
reduction process in an aqueous solution was carried out as follow:
300 µL aliquot of 0.02 M Na2PdCl4 was added into 50 mL of an
aqueous solution containing 0.2 wt % of the soluble starch and
sonicated at 80 °C for 1 h. Then, 5 mL of a 0.4 M ascorbic acid as
reducing agent was added to the above solution under constant stirring
and at the preset temperatures insofar as turned brown color of
solution that indicated the initial formation of the Pd nanoparticles
was observed. The mixture was maintained at this insofar as color of
the reaction solution was changed to dark brown. Appropriate aliquots
of the Pd nanoparticles solution was mixed with MWCNT in an
Erlenmeyer under sonication for up to 12 h. Finally, the product as
MWCNT-supported Pd nanoparticles were ﬁltered and extensively
washed with ethanol and double distilled water and dried at 70 °C
for 10 h.
2.3. Ultrasonic assisted adsorption experiment
The simultaneous ultrasonic assisted adsorption of SY and AZ onto
MWCNT and MWCNT-Pd-NPs was carried out as follow: 25 mL of
certain concentration of SY and AZ in binary solution at diﬀerent pH
was mixed completely with 0.02 g of the MWCNT and MWCNT-Pd-
NPs and it subsequent exposure under ultrasound irradiation for 5 min
to best dispersion of adsorbents into the solutions which raising mass
transfer of liquid to solid. Finally, 3 mL of samples were drawn out and
immediately centrifuged and SY and AZ concentration in eﬄuent
solution was obtained from calibration curve from absorbance spec-
trum of these dyes in concentration range of 2–10 mg L−1,then dyes
removal percentage (R%) and adsorption capacity (Qe) was calculated
according to our previous report [29–32]. Typically, the absorbance
spectra of these dyes in single and binary solution (in concentration of
8 mg L−1 for each dye) is shown in Fig. 1, as seen that in binary solution
spectrum of this dyes are not overlap. Therefore, the removal percen-
tage of these dyes was calculated in wavelength of 417 and 675 nm for
SY and AZ, respectively.
2.4. Central composite design (CCD)
To ﬁnd the optimum conditions, investigation of eﬀect of parameter
and their interaction for simultaneous adsorption of the SY and AZ
onto MWCNT and MWCNT-Pd-NPs, the response surface methodology
Fig. 1. Chemical structure of azur (II) (a) and sunset yellow (b) and absorption spectra
of SY and AZ dyes in single and binary solutions (initial dye concentration for SY and ER
was 8.0 mg L−1) (c).
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has to be studied. Rotatable experimental design was carried out as a
CCD consisting of 50 experiments. For ﬁve parameters (n=5) and two
levels (low (-) and high (+)), the total number of experiments was 50
determined by the expression: 2 n (25=32: factor points)+2 n (2*5=10:
axial points)+8 (center points: eight replications), as shown in
Table 1for two adsorbent. The parameters in this experiment were
the dyes concentration (X1andX2), pH (X3), adsorbents mass (X4) and
sonication time (X5). A full second-order polynomial model obtained
for ﬁve factors can be permitted the response to be modelled, which can
quadratic equation following their analysis:
∑ ∑ ∑iXiY = βo+ β + βiiXi + βijXiXj
i i i j=1
5
=1
5
2
> (1)
This model consists of ﬁve main eﬀects, ten two-factor eﬀects and
ﬁve curvature eﬀects, where Y is the predicted response (removal
percentage); βo is the intercept and other terms was expressed
according in last research. xi's are the independent variables that are
known for each experimental run. The parameter βo is the model
constant; βi's are the linear coeﬃcients; βii's are the quadratic
coeﬃcients and βij's are the interaction coeﬃcients [31].
To check the applicability of the proposed model for tow adsorbent,
the determination of dyes concentration for all runs in CCD matrix in
eﬄuent binary solution was carried out by spectrophotometry UV–vis
spectrophotometer. Analysis of variance (ANOVA) used to realize the
diagnostic checking tests for adequacy of proposed model, the coeﬃ-
cient of determination R2, adjust R2and predicated R2was investigated
[33–35].
2.5. Artiﬁcial neural network
The ANN is the non-linear mathematical methods which get vast
attention because of its simplicity, ﬂexibility, and accessibility to
diﬀerent training algorithms plus its large modeling capability [36–
38]. The ANN is obtained based on the activity procedure of human
Table 1
The design matrix and the responses.
MWCNT MWCNT- Pd-NPs
X1 X2 X3 X4 X5 R%AZ R%SY X1 X2 X3 X4 X5 R%AZ R%SY
1 10 6 5 0.020 4 73.89 63.85 6 6 7 0.010 4 74.48 65.02
2 6 10 5 0.020 4 80.36 73.35 6 10 5 0.020 4 95.18 72.06
3 10 10 7 0.020 2 75.08 62.52 8 8 6 0.015 5 88.8 78.00
4 12 8 6 0.015 3 81.97 65.05 10 6 7 0.020 2 96.69 74.05
5 8 8 6 0.015 3 75.81 62.88 8 8 6 0.015 1 85.1 71.88
6 6 6 5 0.020 2 81.77 66.69 10 6 7 0.020 4 94.36 75.69
7 6 10 7 0.020 2 75.60 67.81 10 10 5 0.010 2 77.3 78.36
8 8 8 6 0.005 3 76.12 63.98 6 6 5 0.010 4 76.12 65.04
9 6 6 5 0.020 4 78.37 65.70 8 8 6 0.015 3 89.57 80.47
10 6 10 7 0.010 4 78.36 60.55 10 6 7 0.010 2 94.75 70.96
11 8 4 6 0.015 3 79.01 66.96 10 6 5 0.010 4 93.40 75.96
12 6 10 5 0.010 2 74.20 62.57 10 10 5 0.020 2 81.49 79.14
13 10 10 7 0.010 2 74.32 55.01 6 6 5 0.020 2 79.67 64.01
14 8 8 6 0.015 3 75.98 64.63 10 10 7 0.010 4 82.36 76.45
15 10 6 7 0.020 4 78.16 63.98 8 4 6 0.015 3 87.98 72.98
16 6 6 5 0.010 4 75.55 64.95 4 8 6 0.015 3 82.59 67.10
17 6 10 5 0.010 4 75.58 65.68 8 8 6 0.015 3 89.39 80.97
18 6 10 7 0.010 2 69.85 58.90 6 10 7 0.020 4 91.30 71.69
19 8 8 8 0.015 3 79.01 68.49 6 10 5 0.010 4 90.52 69.78
20 8 8 6 0.015 1 67.10 60.99 6 6 5 0.010 2 76.48 64.95
21 10 6 5 0.010 2 82.16 70.97 8 8 6 0.015 3 89.57 81.63
22 10 6 5 0.010 4 76.26 65.01 10 6 5 0.020 2 93.84 77.04
23 10 6 7 0.010 2 79.35 68.02 8 8 6 0.015 3 89.50 80.09
24 10 10 5 0.010 4 72.95 65.70 6 6 5 0.020 4 80.01 69.98
25 8 8 6 0.015 3 75.90 64.39 10 6 5 0.010 2 90.99 73.39
26 8 8 6 0.025 3 79.43 71.54 8 8 6 0.015 3 89.43 80.54
27 10 6 7 0.010 4 80.63 61.10 6 10 7 0.020 2 90.01 67.01
28 6 6 7 0.010 2 71.51 70.19 10 10 7 0.010 2 79.40 74.78
29 10 10 7 0.020 4 78.80 63.39 6 10 5 0.020 2 89.10 66.96
30 6 6 7 0.020 2 75.30 73.14 8 8 6 0.015 3 89.58 79.69
31 8 8 6 0.015 3 76.01 64.41 10 6 5 0.020 4 96.37 79.34
32 10 10 5 0.020 4 72.59 70.91 8 8 6 0.025 3 83.98 71.07
33 10 10 7 0.010 4 79.16 53.78 6 10 7 0.010 4 86.96 66.96
34 10 10 5 0.010 2 75.55 64.70 10 6 7 0.010 4 91.83 71.09
35 8 8 6 0.015 3 76.01 64.47 8 8 6 0.005 3 77.15 64.67
36 6 6 7 0.020 4 79.26 73.38 10 10 7 0.020 4 86.33 83.56
37 4 8 6 0.015 3 81.93 70.01 6 10 5 0.010 2 84.63 66.74
38 8 8 6 0.015 3 75.97 64.00 8 8 4 0.015 3 91.46 78.86
39 8 8 6 0.015 3 75.98 65.01 8 8 6 0.015 3 89.6 81.36
40 6 6 5 0.010 2 77.78 68.70 8 8 6 0.015 3 89.49 80.36
41 8 8 6 0.015 5 68.79 57.97 6 6 7 0.010 2 79.96 64.46
42 6 10 5 0.020 2 79.98 67.85 10 10 5 0.020 4 90.31 86.04
43 6 6 7 0.010 4 76.45 66.19 10 10 5 0.010 4 85.60 80.43
44 10 10 5 0.020 2 76.12 66.50 6 10 7 0.010 2 86.12 63.67
45 10 6 5 0.020 2 80.91 66.03 8 8 8 0.015 3 90.98 75.03
46 10 6 7 0.020 2 78.00 68.19 8 12 6 0.015 3 88.00 79.99
47 8 8 6 0.015 3 76.01 64.41 6 6 7 0.020 4 77.19 67.99
48 8 8 4 0.015 3 79.10 71.01 10 10 7 0.020 2 82.69 80.01
49 8 12 6 0.015 3 75.90 61.09 6 6 7 0.020 2 82.21 64.03
50 6 10 7 0.020 4 82.97 73.69 12 8 6 0.015 3 92.50 87.01
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brain and has been applied to model of many scientiﬁc disciplines
[39,40]. Good details and various applications of the ANN were
presented in prior publications [41,42].
The structure of ANN forms the input layer (independent vari-
ables), the output layer (dependent variables) and one or more neuron
layers called hidden layers (Fig. 2). The number of network layers, the
number of neurons in each layer, the nature of learning algorithms and
neurons transfer functions are deﬁned the construction of the ANN.
One class of feed forward neural network that has been used
commonly for the approximate function is multilayer perceptron
(MLP) [43]. The MLP neural networks are contained of one input
layer, at least one hidden layer and an output layer. The MLP learns the
data pattern using an algorithm known as “training”. These algorithms
modify weights of the neurons according to the error between the
values of real output and target output where provide non-linear
regression between inputs and outputs variables. One of the examples
of training algorithms is the back propagation algorithm that widely
used to train of ANN in diﬀerent applications. The transfer functions
that used in the hidden layer; and output layer are “Tansig” and
“Purelin”, respectively. The back propagation algorithm of Levenberg–
Marquardt (trainlm), based on our experiments, was applied to
determine of most favorable network structure. The trial and error
approach is the most basic method of training a neural network. While
number of hidden layers is to be selected depending on the complexity
of the problem, but generally one hidden layer is suﬃcient for modeling
of most of the problems. In this method ﬁrstly the number of hidden
layers considered one and the next step, in the trial and error approach,
the number of neurons in the hidden layer varied one by one to attain
the desire objective functions outputs. In this work, the ANN under
MATLAB toolbox was used as an experimental model to study the
condition of ultrasonic assisted adsorption of AZ and SY dyes. The
input parameters to the ANN model are pH, dyes concentration,
sonication time, adsorbents mass and the target is AZ and SY dyes
removal. Finally, the outputs obtained from the ANN modeling were
compared with the experimental data, and advantages were discussed.
In statistics, the mean squared error (MSE) of an estimator
measures the average of the squares of the errors or deviations that
is, the diﬀerence between the estimator and what is estimated. MSE is a
risk function, corresponding to the expected value of the squared error
loss or quadratic loss. The diﬀerence occurs because of randomness or
Fig. 2. Topology of conventional P S− − 1 MLP.
Scheme 1. Flow diagram for methodology of the work.
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because the estimator doesn't account for information that could
produce a more accurate estimate [44]. The average absolute deviation
of a data set is the average of the absolute deviations from a central
point. It is a summary statistic of statistical dispersion or variability. In
this general form, the central point can be the mean, median, mode, or
the result of another measure of central tendency. Furthermore, the
deviation averaging operation may refer to the mean or the median
[45]. The coeﬃcient of determination (R2) is a key output of regression
analysis. It is interpreted as the proportion of the variance in the
dependent variable that is predictable from the independent variable.
R2 is the square of the correlation (r) between predicted y scores and
actually scores; thus, it ranges from 0 to 1 [46]. The mathematical
deﬁnition of the errors criteria including mean square error (MSE),
absolute average deviation percentage (AAD%) and coeﬃcient of
determination (R2) were given as bellow:
∑MSE ρ ρ= ( − )
i
N
i i
cal
=1
exp 2
(2)
⎛
⎝
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⎞
⎠
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It should be stated that to achieve generalization of the model and
avoid overtraining, the net is started with two neurons in the hidden
layer and gradually increased the number of neurons until no
signiﬁcant improvement in performance of the net was observed.
Scheme 1 presents a diagram for the ANN model used in this work.
3. Results and discussion
3.1. Characterization of adsorbents
The XRD pattern (Fig. 3a) for MWCNT shows two peak at the 2θ of
25.95° and 46° which indicate the reﬂection of carbon structure and
diﬀractions of graphite index of the MWCNT. After deposited of Pd-
NPs onto MWCNT the other appearance diﬀraction peaks at 2θ 40.11°,
46.50°, 68.04° and 81.78° corresponded to the (111), (200), (220) and
(311) planes (Fig. 3a), respectively, are characteristic of face center
cubic (fcc) crystalline of Pd-NPs. The average size of Pd-NPs was
calculated by Debye-Scherrer formula from the (111) reﬂection peak of
the Pd face center cubic structure around 2θ 40.04°. The calculated
average particle size in this research is approximately 20 nm.
The morphological features of the prepared samples were studied
by SEM analysis (Fig. 3b and c), that SEM image of pure MWCNT
(Fig. 3b) before the surface modiﬁcation it appears to be smooth,
homogeneous, tidy and approximately uniform size distribution. After
the deposited of with Pd-NPs onto MWCNT, SEM image reveal that
smooth surface of MWCNTs has become rough, increase in the size and
bundled and shows the spherical nanoparticles corresponding to Pd
nanoparticles deposited on MWCNT (Fig. 3c).
3.2. CCD analysis
In ﬁrst step, Lack of ﬁt testes and model summary statistics for
linear, 2FI, quadratic and cubic models for adsorption of SY and AZ
onto MWCNT and MWCNT-Pd-NPs was performed and according to
the insigniﬁcant lack of ﬁt and maximizing the R-squared, adjusted R-
squared and the predicted R-squared of quadratic model for to
responses, this model was selected for other step analysis in tow
responses and adsorbent. Then, ANOVA (Table 2) for quadratic model
was applied to test the statistical signiﬁcant factors. ANOVA for
adsorption of SY and AZ dyes onto MWCNT shows good model F-
values of 119.6 and 5571.81, respectively. Also, for adsorption of SY
and AZ dyes onto MWCNT-Pd-NPs shows good model F-values of
121.6 and 6934.14, respectively. Low P-values ( < 0.0001) for more
terms in four model that conﬁrm well applicability of constructed
models for correlating the adsorption of SY and AZ onto MWCNT and
MWCNT-Pd-NPs. Also, the Lack of Fit F-value for adsorption SY and
AZ onto MWCNT were obtained to be 0.98 and 1.02, respectively. Also,
values of 0.1218 and 0.1184 was obtained for adsorption SY and AZ
onto MWCNT-Pd-NPs, respectively. These P-values explanatory not
signiﬁcant relative to the pure error.Therefor, not-signiﬁcant lack of ﬁt
is good and models is a ﬁt for all of responses (see Table 2). Finally,
based on these results (P-values lower than 0.05 for variable), an
empirical relationship between the response and independent variables
was attained and expressed by the following second-order polynomial
equation:
R in presence of MWCNT X X
X X
X X X X X X X X
X X X
X X X X X X X X X
X X X X
X X X X
% = +75.95 + 0.028 × − 0.75 ×
− 0.035 × + 0.85 ×
+ 0.38 × − 0.80 × + 0.85 × − 1.29 × − 0.94 ×
+ 0.46 × + 0.49
× + 0.88 × + 1.80 × − 0.27 × + 1.50 ×
+ 0.38 × + 0.78 ×
+ 0.46 × − 2.00 ×
AZ 1 2
3 4
5 1 2 1 1 4 1 5
2 3 2
4 3 4 3 5 4 5 1 1
2 2 3 3
4 4 5 5 (5)
R in presence of MWCNT Pd NPs X
X X
X X X X X X X X
X X X
X X X X X X X X X
X X X X
X X X X
% − − = +64.22 − 1.49 ×
– − 1.37 × − 0.86 ×
+ 2.00 × − 0.32 × − 1.44 × − 0.71 × − 0.68 ×
− 1.68 × + 1.67
× + 1.53 × + 1.24 × − 0.28 × + 0.80 ×
+ 0.78 × + 1.34 ×
+ 0.84 × − 1.23 ×
SY 1
2 3
4 5 1 3 1 4 1 5
2 3 2
4 2 5 3 4 3 5 1 1
2 2 3 3
4 4 5 5
(6)
R in presence of MWCNT X X
X X
X X X X X X X X X X
X
X X X X X X X X X
X X X
X X X X X X X
% = 89.52 + 2.44 × − 0.13 ×
+ 1.74 × + 0.86 ×
− 5.45 × + 0.081 × − 0.092 × + 0.62 × − 0.42 ×
+ 0.35
× + 1.52 × − 0.19 × − 1.28 × + 0.12 ×
− 0.50 × − 0.38
× + 0.42 × − 2.24 × − 0.64 ×
AZ 1 3
4 5
1 2 1 3 1 4 1 5 2 3
2
4 2 5 3 4 3 5 4 5
1 1 2
2 3 3 4 4 5 5
(7)
R in presence of MWCNT Pd NPs X
X X
X X X X X X X X
X X X
X X X X X X X X X
X X X X
% − − = 80.81 + 5.14 ×
+ 1.87 × − 0.99 ×
+ 1.58 × + 1.49 × + 0.68 × − 0.45 × + 0.51 ×
+ 0.41 × + 0.34
× + 0.65 × − 1.11 × − 1.25 × − 1.14 ×
− 3.41 × − 1.64 ×
SY 1
2 3
4 5 1 2 1 3 1 4
2 5 3
4 5 6 1 1 2 2 3 3
4 4 5 5
(8)
Removal percentage (R%) have been predicted by Eqs. (5–8) and
indicated good agreements between the experimental and predicted
values of adsorption eﬃciency (Fig. 4a and Table 3). The experimental
results and the predicted values obtained from the model (Eqs. 5–8)
was shown that predicted values matched the experimental values
reasonably well with R2=0.9628 and 0.9992 for SY and AZ adsorption
onto MWCNT and R2=0.9702 and 0.9993 for SY and AZ adsorption
onto MWCNT-Pd-NPs (see Table 3). This implies that higher than 96%
of the variations for percent dyes removal are explained by the
independent variables and this also means that the model does not
explain only about 4% of variation. Adjusted R2as corrects R2-value for
the sample size and the number of terms in the model by the degrees of
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freedom on its computations is also more suitable for comparing
models with diﬀerent numbers of independent variables. If there are
many terms in a model and not very large sample size, Adj-R2 may be
visibly smaller than R squared (R2) [47,48]. Adj-R2 values of 0.9799
and 0.9996 for SY and AZ adsorption onto MWCNT was close to the
corresponding R squared (R2) value (see Table 3). Also Adj-R2 values of
0.9801 and 0.9996 for SY and AZ adsorption onto MWCNT-Pd-NPs
was close to the corresponding R squared (R2) value (see Table 3). In
addition, the values higher than 0.988 for determination coeﬃcient R2
for each response in presece of MWCNT and MWCNT-Pd-NPs (see
Table 3) is shown suitability of full quadratic model for predicting the
real behaviorof adsorption process. Additional conﬁrmation on the
applicability of the model for predicting the performance of adsorption
eﬃciency are counted as the low and acceptable standard deviation
values, low PRESS value, low coeﬃcient of variation, low standard
error, high “Adeq precision” value (very higher than 4.0) and high
mean value of ER % (see Table 3).
The Box Cox plot (Fig. 4) as a power tool to help analyzer determine
the most appropriate power transformation to apply to response data
and indicated that studies have been performed whether in coeﬃcient
interval or not [49,50]. In these plots the current transformation 1.0
indicates no transformation. According to the best values for R% of SY
and AZ onto MWCNT and MWCNT-Pd-NPs have been performed 95%
of coeﬃcient interval and not necessary to transformation.
3.3. Optimize condition
In adsorption process ﬁnd the best condition that the responses are
maximized is important cases. Therefore, desirability function ap-
proach under CCD method was used for this goal by choice of value
from 0.0 (unacceptable) to 1.0 (acceptable).Optimize conditions from
CCD when the MWCNT was used for removal of SY and AZ dyes can be
found at 6.01 and 9.98 mg L−1 AZ and SY concentration, 0.02 of
adsorbent mass and 7.0 for pH value and 3.8 min sonication time,
respectively, while in the presence of MWCNT-Pd-NPs optimized
values were obtained at 10.0 and 8.0 mg L−1 AZ and SY concentration,
0.018 of adsorbent mass and 5.0 for pH value and 3.5 min sonication
time, respectively. In these condition and at desirability value of 0.99,
maximum adsorption eﬃciency of 82.97 and 94.95, and 73.13 and
85.55 for AZ and SY onto MWCNT and MWCNT-Pd-NPs were
obtained, respectively. This values show that MWCNT-Pd-NPs in
comparison with MWCNT at the lower contact time and adsorbent
mass was able to remove greater amounts of under study dyes.
3.4. Eﬀect of variables as response surface plots
Response surface plots as a function of two variables at a time and
holding all other variables at center levels are more powerful tool for
understanding main and the interaction eﬀects of these two variables
[51,52]. Therefore, the response surface curves (Fig. 5) were plotted to
understand the interaction of the variables and to determine the
optimum level of each variable for maximum response.
Chemical structure of AZ and SY dyes show that their ionic charge
in addition to MWCNT and MWCNT-Pd-NPs nature are greatly
aﬀected by pH. The dyes adsorption occurs by combination of various
mechanism like ion exchange, hydrogen bonding, electrostatic, and
soft-soft and dipole-ion interaction [18]. Eﬀects of initial solution pH
on under study dyes adsorption over MWCNT and MWCNT-Pd-NPs
surface were investigated in the range of 4–8. In pH lower than 4.0 due
to simultaneous probable protonation of O, S and N atoms in dyes and
O atoms in surface of adsorbents repulsive force was further that
extensively reduce the amount of removal percentage, hence, pH lower
than 4.0 was not studied. At pH 4.0, dyes deprotonating lead to
enhance in their mass transfer and subsequent adsorption eﬃciency. At
Fig. 3. XRD pattern (a) TG (b) of MWCNT-Pd-NPs and SEM images of the MWCNT (c) and MWCNT-Pd-NPs (d).
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pH higher than 6.5, due to probable competition of hydroxide with
dyes and also formation of similar negative charge on dyes and
adsorbents causes signiﬁcant decrease in dyes removal percentage.
Both at high acidic and basic media, expected un-stability of MWCNT
and MWCNT-Pd-Plead to reduce in dyes removal percentage and
subsequently lowering life time and reusability of adsorbent.
Therefore, all subsequent adsorption experiments were conducted at
pH 4.0 for two dyes and adsorbents which process has maximum
adsorption eﬃciency (typically see Fig. 5).
The eﬀect of various initial dyes concentrations on adsorption
process at MWCNT and MWCNT-Pd-NPs was shown that increase in
the initial dyes concentration leads to decrease in the adsorption
process of the dyes onto two adsorbents. Due to increase in the initial
dyes concentrations gradient between understudy adsorbents and dyes,
the adsorption eﬃciency was high until the system attain its equili-
brium and after equilibrium and saturation point of adsorbents, the
dyes adsorption percentage due to remains of dyes in to the solution
was decreased.
The eﬀect of sonication time on the adsorption of understudy dyes
was shown that in the initial stages due to availability of the reactive
site of the MWCNT and MWCNT-Pd-NPs adsorbents removal percen-
tage of dyes was increased dramatically, whereas, with increase of
sonication time the removal eﬃciency gradually gets increased (typi-
cally see Fig. 5). Moreover, no signiﬁcant changes were observed in the
percentage of removal of the dyes after equilibrium. In other word,
occur of the maximum adsorption of understudy dyes at short
Table 2
The results of ANOVA for the response surface quadratic model.
Source of
variation
DF MWCNT-Pd-NPs MWCNT
R%AZ R%SY R%AZ R%SY
Sum of
squares
Mean
square
F value p-
value
Prob >
F
Sum of
squares
Mean
square
F value p-
value
Prob >
F
Sum of
squares
Mean
square
F value p-
value
Prob >
F
Sum of
squares
Mean
square
F value p-
value
Prob >
F
Model 20 1682.93 84.15 6934.14 <
0.0001
2073.33 103.67 121.44 <
0.0001
0.031 27.97 5571.81 <
0.0001
931.46 46.57 119.6 <
0.0001
X1 1 238.10 238.10 19620.39 <
0.0001
1058.43 1058.43 1239.93 <
0.0001
22.65 0.031 6.25 0.0183 88.80 88.80 228.0 <
0.0001
X2 1 0.025 0.025 2.02 0.1660 139.35 139.35 163.25 <
0.0001
0.049 22.65 4512.08 <
0.0001
75.41 75.41 193.6 <
0.0001
X3 1 0.71 0.71 58.53 <
0.0001
38.93 38.93 45.60 <
0.0001
29.10 0.049 9.76 0.0040 29.52 29.52 75.80 <
0.0001
X4 1 120.79 120.79 9953.86 <
0.0001
100.36 100.36 117.57 <
0.0001
5.81 29.10 5797.78 <
0.0001
160.32 160.32 411.7 <
0.0001
X5 1 29.57 29.57 2436.47 <
0.0001
89.28 89.28 104.59 <
0.0001
20.64 5.81 1156.68 <
0.0001
3.98 3.98 10.22 0.0033
X1×2 1 951.03 951.03 78369.84 <
0.0001
14.93 14.93 17.49 0.0002 23.39 20.64 4111.69 <
0.0001
1.16 1.16 2.99 0.0946
X1×3 1 0.21 0.21 17.27 0.0003 6.50 6.50 7.61 0.0099 52.94 23.39 4660.00 <
0.0001
66.24 66.24 170.1 <
0.0001
X1×4 1 0.27 0.27 22.41 <
0.0001
8.34 8.34 9.77 0.0040 28.05 52.94 10546.41 <
0.0001
16.25 16.25 41.72 <
0.0001
X1×5 1 12.29 12.29 1012.63 <
0.0001
1.07 1.07 1.26 0.2714 6.88 28.05 5587.76 <
0.0001
14.93 14.93 38.35 <
0.0001
X2×3 1 5.74 5.74 472.81 <
0.0001
0.034 0.034 0.040 0.8437 7.57 6.88 1370.95 <
0.0001
90.79 90.79 233.1 <
0.0001
X2×4 1 3.91 3.91 322.45 <
0.0001
2.02 2.02 2.37 0.1348 24.99 7.57 1507.21 <
0.0001
88.78 88.78 227.9 <
0.0001
X2×5 1 73.96 73.96 6094.99 <
0.0001
5.35 5.35 6.26 0.0182 5.512E
−003
24.99 4978.66 <
0.0001
74.91 74.91 192.3 <
0.0001
X3×4 1 1.13 1.13 93.02 <
0.0001
3.59 3.59 4.21 0.0494 104.04 5.512E
−003
1.10 0.3033 49.40 49.40 126.8 <
0.0001
X3×5 1 52.61 52.61 4335.21 <
0.0001
2.29 2.29 2.68 0.1123 2.30 104.04 20725.52 <
0.0001
2.45 2.45 6.30 0.0179
X4×5 1 0.43 0.43 35.44 <
0.0001
13.36 13.36 15.66 0.0004 72.42 2.30 458.28 <
0.0001
20.51 20.51 52.68 <
0.0001
X1
2 1 7.85 7.85 646.62 <
0.0001
39.59 39.59 46.38 <
0.0001
4.64 72.42 14426.66 <
0.0001
19.54 19.54 50.19 <
0.0001
X2
2 1 4.72 4.72 388.71 <
0.0001
50.38 50.38 59.02 <
0.0001
19.50 4.64 923.52 <
0.0001
0.29 0.29 0.74 0.3974
X3
2 1 5.74 5.74 473.09 <
0.0001
41.57 41.57 48.70 <
0.0001
6.79 19.50 3884.53 <
0.0001
57.16 57.16 146.7 <
0.0001
X4
2 1 160.59 160.59 13233.53 <
0.0001
371.77 371.77 435.52 <
0.0001
127.60 6.79 1352.54 <
0.0001
22.53 22.53 57.85 <
0.0001
X5
2 1 13.27 13.27 1093.44 <
0.0001
86.17 86.17 100.95 <
0.0001
0.15 127.60 25418.83 <
0.0001
48.49 48.49 124.5 <
0.0001
Residual 29 0.35 0.012 24.75 0.85 0.11 5.020E
−003
11.29 0.39
Lack of
Fit
22 0.31 0.014 2.40 0.1184 21.83 0.99 2.37 0.1218 0.034 5.050E
−003
1.02 0.5270 8.52 0.39 0.98 0.5578
Pure
Error
7 0.041 5.884E
−003
2.93 0.42 559.55 4.927E
−003
2.78 0.40
Cor Total 49 1683.28 2098.08 0.031 27.97 5571.81 <
0.0001
942.75 46.57 119.60 <
0.0001
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sonication time is due to high contribution of ultrasound power in mass
transfer and simultaneously increase available surface area and vacant
sites of MWCNT and MWCNT-Pd-NPs. So that, the mass transfer
increase is due to raising diﬀusion coeﬃcient encounter.
The eﬀect of MWCNT and MWCNT-Pd-NPs mass in the adsorption
process shows that by varying the adsorbent mass two understudy dyes
have shown similar results that with increase in mass of adsorbents
increases adsorption eﬃciency. In other word, enhancement of adsor-
bent mass can be increases of number of available adsorption sites as
well as increases of removal eﬃciency.
3.5. ANN analysis
In this project, to predict the AZ and SY dyes removal behavior onto
MWCNTs and MWCNTs-Pd-NPs, the pH, dyes concentration, sonica-
tion time and adsorbents mass used as input variables and the AZ and
SY dyes removal are used as target. The ranges of input-output
variables for each system are given in Table 4. All experimental data
point that used in this study is 100. The MLP is trained, validated, and
tested with random 70%, 15%, and 15%, respectively. The possibility of
over-training is a problem in the ANN and can be overcome by proper
selection of the number of neurons in hidden layer. The performance of
the network in training phase should increase with increasing the
number of neuron, at the same time as the performance of the network
in testing data phase lead to optimum value at an optimal number of
hidden neurons. In this research, the absolute average deviation (AAD
%) was chosen as a measure of the performance of the network.
Typically, the network with one hidden layer and 17 neurons was used
to predict the AZ and SY dyes removal by MWCNTs and leads to the
best prediction in Fig. 6. Besides, the one hidden layer and 13 neurons
can be predicting the AZ and SY dyes removal by MWCNTs- Pd-NPs.
The evolution of training, validation, and test errors as a function of the
number of training epochs (based on early stopping approach) was
investigated and typically results for MWCNT adsorbent was shown in
Fig. 7. Also, the best epoch for the AZ and SY dyes removal by
MWCNTs- Pd-NPs equal to 7.
The optimized neural network model was used to predict the AZ
and SY dyes removal by MWCNTs. The comparison between the
predictive values and the experimental values is curried out and shown
in Fig. 8. The results of Fig. 8a and b show that good agreement
between the predicted and the experimental values of the AZ and SY
dyes removal by MWCNTs and the AADs values are 0.27% and 0.43%,
and the R2 values are 0.911 and 0.954, respectively. Fig. 9 shows that
the error analysis of trained network over number of test for the AZ and
SY dyes removal by MWCNTs.
3.6. Adsorption equilibrium
To optimize the design of an adsorption system, it is important to
reveals the distribution of the adsorption molecules between the liquid
phase and the solid phase when the adsorption process reaches an
equilibrium state [33,53]. Therefore, the equilibrium trend related to
SY and AZ adsorption onto MWCNT and MWCNT-Pd-NPs was ﬁtted to
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherms
(see Table 5). It was found that R2 value of Langmuir is about 1.0 that
suggest the favorable adsorption explain. This observation was shown
that that adsorption of SY and AZ dyes onto MWCNT and MWCNT-Pd-
NPs adsorbents can only occur at a ﬁnite number of deﬁnite localized
sites, and the adsorbed layer is one molecule in thickness or monolayer
adsorption. On the other hand, increase in Ka value with rising initial
AZ and SY concentration and MWCNT and MWCNT-Pd-NPs mass
show high tendency of AZ and SY adsorption.
3.7. Adsorption equilibrium
Various adsorption kinetics models like pseudo-ﬁrst and second-
Fig. 4. Parity plot showing the correlation between the observed and predicted values (a)
and Box Cox plots for R% of AZ and SY by MWCNT and MWCNT-Pd-NPs.
Table 3
Quadratic model summary statistics and quality for R% of SY and AZ by MWCNT and
MWCNT-Pd-NPs.
Statistics quality of model MWCNT-Pd-NPs MWCNT
R%SY R%AZ R%SY R%AZ
Std. Dev. 0.92 0.11 0.62 0.071
Mean 73.97 86.85 65.61 76.86
C.V.% 1.25 0.13 0.95 0.092
PRESS 83.59 1.18 35.09 0.45
R-Squared 0.9882 0.9998 0.9997 0.9997
Adj R-Squared 0.9801 0.9996 0.9996 0.9996
Predicated R-Squared 0.9602 0.9993 0.9992 0.9992
Adeq Precision 38.083 311.389 352.841 352.841
Fig. 5. Response surface plot.
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order model, Elovich equation and intraparticle diﬀusion model were
applied to investigate the mechanism of adsorption of understudy dyes
onto both adsorbent (see Table 6) [14,51]. Each of the investigated
models on the basis of the corresponding determination coeﬃcients
(R2) and agreement between experimental and equilibrium adsorption
capacity was ﬁtted by a linear regression of models to the appropriate-
ness of experimental data. R2 values for pseudo-second-order kinetic
model are about 1.0 and the calculated qe values are mainly close to the
experimental data. These two outcome is criterion for judgment about
applicability of second-order model for best prediction of adsorption
data for AZ and SY adsorption onto MWCNT and MWCNT-Pd-NPs
adsorbents.
4. Conclusion
In this work, MWCNT and MWCNT-Pd-NPs characterized by XRD
and SEM successfully was applied as adsorbents for simultaneous
removal of SY and AZ dyes in aquaes solution. impact operational
parameters on the eﬃciency of adsorption process successfully was
investigated by CCD and ANN and optimal conditions from CCD in
presens of MWCNT was found at 6.01 and 9.98 mg L−1 AZ and SY
concentration, 0.02 of adsorbent mass and 7.0 for pH value and
3.8 min sonication time, respectively, while in the presence of
MWCNT-Pd-NPs optimized values were obtained at 10.0 and
Table 4
Summary of the input-output dataset characterization.
System Number of test ΔpH AZ concentration SY concentration Sonicated time Adsorbent mass %Removal (AZ) %Removal (SY)
AZ/SY on MWCNT 50 4–8 4–12 1–600 1–5 0.01–0.025 67.1–82.97 53.78–73.69
AZ/SY on MWCNT-Pd-NPs 50 4–8 4–12 1–600 1–5 0.01–0.025 74.48–96.69 63.67–87.01
Fig. 6. Eﬀect of the number of hidden layer neurons on AAD% of the AZ and SY dyes
removal by MWCNTs.
Fig. 7. Evolution of training, validation, and test errors as a function of the number of
training epochs during ANN training.
Fig. 8. Modeling ability of the optimized ANN to predicate a) the AZ dyes removal by
MWCNTs: (R2=0.911, AAD=0.27%), b) the SY dyes removal by MWCNTs: (R2=0.954,
AAD=0.43%).
Fig. 9. AADs plot of the AZ and SY dyes removal by MWCNTs from experimental data.
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8.0 mg L−1 AZ and SY concentration, 0.018 of adsorbent mass and 5.0
for pH value and 3.5 min sonication time, respectively. In these
conditions and at desirability value of 0.99, the maximum adsorption
eﬃciency for AZ onto MWCNT and MWCNT-Pd-NPs are 82.97 and
94.95, respectively. Also, the maximum adsorption eﬃciency for SY
onto MWCNT and MWCNT-Pd-NPs are 73.13 and 85.55, respectively.
This values show that MWCNT-Pd-NPs in comparison with MWCNT at
the lower contact time and adsorbent mass was able to remove greater
amounts of under study dyes. Based on the ANN model the absolute
average deviations (AADs) of AZ and SY dyes adsorption by MWCNT
from experimental data are 0.27% and 0.43%, and the R2 values are
0.911 and 0.954, respectively. Also, the AADs of AZ and SY dyes
adsorption by MWCNTs-Pd-NPs are 0.44% and 0.65%, and the R2
values are 0.925% and 0.927%, respectively.
Novelity
In this article, we have focused on the decoration of multiwalled
carbon nanotubes (MWCNTs) with Pd nanoparticles. This material was
characterized by diﬀerent techniques such as XRD, SEM and TGA, and
subsequently were used for the adsorption of sunset yellow (SY) and
azur (II) (AZ) dyes from aquaes solution. It was clearly demonstrated
that the adsorption dynamics of sunset yellow (SY) and azur (II) (AZ)
dyes, the electronic interaction between adsorbents and adsorbates,
and the structure and morphology of adsorbent are crucial factors for
establishing eﬃcient adsorption reaction systems. Artiﬁcial neural
network and central composite design used for building up to construct
an empirical model to predict the understudy dyes removal behavior
onto these adsorbents and the obtained results have good agreement
with experimental data. Finally, it was found that the equilibrium
isotherm of adsorption process follows the Langmuir isotherm.
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